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Highlights

x Ciliary induced transport by metachronal beating is discussed.

x The wavelength is considered as very large for cilia induced MHD flow.

X Magnetic Reynolds number is sufficiently large to invoke magnetic effects.
X The physical problem is linearized using transformations.

x Closedform expressions are presented for the solutions.
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ABSTRACT
Motivated by novel developments in surfavedified, nanoseale'magnetohydrodynamic

(MHD) biomedical devices, astudy theoretically theiliary induced transport by metachronal
wave propagation ifmydramagneic flow of copperwater nanofluidshrough a parallel plate
channel Under the physiological constraints, eping.flow. is taken into consideratiare.
inertialforces are small compared witlscousforces The metachronalvavelengthis also
considered as very large for cilia inddddHD flow. Magnetic Reynolds number is sufficiently
large to invoke magnetic duction effects:The physical problem is linearized and exact
solutions are developed for tihesulting.boundary value problei@losedform expressions are
presented for the stream function, pressure rise, induced magnetic field function and temperature.
Mathematicasymbolic software. is” used to compute and illustrate numerical results. The
influence of physical parameters on velocity profile, pressure gradient and trapping of bolus are
discussed with the aid.of grapfi$e present computatiomaseapplicabé to Smulations offlow

control ofin nanemagnetebiomimetic technologies.

Keywords:CopperWater Nano Fluid; Metachronal Wave; Magnetohydrodynajrid¢agneticReynolds
Number BiomimeticMagneticPropulsion

1. INTRODUCTION

Ciliary, motion”features promim#ly in numerous biological transport procesgesia are slim,
microscopic, haitike structureswhich protrude from the surface of biological vessels,
mammalian cells etc. Dimensions o&iagle ciliumare typically severamicrometersn length

and les thana singlemicrometerin width. Important functions associated with cilia include
surface energy modification, actuation and heat control. In the human lhiadgre present in

the renal systenthe visual systemr{on-motile cilia in photoreceptorsfathe reting, digestive



tract and embryological orgar4,2]. Cilia motility is therefore critical to optimizing many
fundamental physiological mechanisms including blood circulation, absorption of nutrients,
respiration and reproductiont has also beembserved thatvhen a group of cilia operate
together, theygenerally beat slightly out of phase with respect to the adjacent cilia. This
synchronization between beating cilia is call®@tachronal coordinatianThis leads(to le
formation of a wave callethetachronal wavevhich is recognized to improve the fluid flow due

to cilia. In humanoid physiquesilia dynamicscontributes significantly tdhe, impulsion of
numerous organic liquids, including thgdrodynamicdan the ductility efferentes, transportf o
ovulatory mucus in the oviduct and the removatratheabronchial mucus.in the respiratory
track. Defects in cilia motility can lead to numerous human dise@seshe other hand, the
fascinating pattern of ciliary motion has been explolydbio-engineersin the fabricatbn of
artificial cilia for microfluidic applications such as migoomps. for drugdelivery systems
Multiple studies have been performed to investigate the interactions between cilia and flagella
with their environmentresulting in nany complex hydrodynamic simulationglathematical
models of ciliainduced biofluid dynamics are therefore of great relevance in further elucidating
the complex characteristics intrinsic to many biolegical systems.

In recent years there has been an exptosif emerging nantechnologies. Engineering at the
nanascale has intruded intanany sectors ofengineering, medical sciencesnd even
environmental systemsThese/ liquids¥ were synthesized originally to enhance thermal
performance properties standardvorking fluids e.g. water, air, oils. They have however been
increasingly refined and-applied to new fields in medicine, pharmacology, haemotology etc. A
lucid review has been given by SalaBh [Specific applications pioneered for drug delivery by

the Langer Grouphat” MIT have been described in Zhah@l [4]. In parallel with clinical
developmats (of nanofluids, significant progregs modelling and simulation has alsaken

place. This constitutes an important compliment l&doratory-based nandechndogy. Most
simulations_have deployed one of two formulations for nanofluid transport, namelywag-

Das modebr theBuonjiornio model The former results in a modified energy transport equation
for nanescale effects. The latter introduces a sepanatesparticle diffusion equation and
emphasizes Brownian diffusion and thermophoresis as the principal mechanisms for thermal
enhancement. In the context of medical flows, Akbaal. 5@ XVHG % XRQMLRUQLRTV

investigate analytically the peristaltihydrodynamics of nanofluids with wall slip effects.



Tripathi and Bég[6] also studiedperistaltic propulsion of nanofluidsand employed a dual
Grashof number formulation to simulate both thermal and-pamticle species buoyancy effects.
Mustafaet al. [7] obtained both homotopy and MAPLE8 numerical solutions for the effect of
wall properties and viscous heating on peristaltic nanofluid flow in a tubgeBal. [8] used
Nakamura finite difference and MAPLE software to study rheological bioconvection i
nanofluid boundary layer flow in permeable media as a simulation ofwahtransport:in
microbial nanefuel cells.Further investigations of nanofluids in biomedical applieations include
Anghel and Grurezescu [Pwho have demonstrated the excellbatterial adherence (biofilm)
inhibiting characteristics of nanofluid oils in the smart design of nevel material surfaces for
prosthetic devicether analytical articles considering nanofluid dynamics in medicine include
Ebaid and Aly [D] for peristalticflows, Akbar et al [11] for curved.tube peristaltic transpart
copper nanofluids, Saurit al.[12] for ionic nanofluid bielubrication systems (hip joints), Bég

et al [13] for swirling mixing systems in narbiopolymers,and-very recently Uddat al. [14]

for gyrotactic bioconvection in slip Sakiadis flows, of ngwymer sheet manufacturing
processesin the context of cilia hydrodynamics, several studies addressing nanofluid transport
have also been communicated. Aklgdral.[15]. censider carbon motube (CNT) nanofluid
dynamics in a ciliated tube, deriving analytical expressionsvédocity, temperature and
pressure gradient for various namaterials.Akbar et al. [16] further studied the metachronal
copperwater ranofluid dynamies in a“cCiliatetube Munawar et al. [17] reported the time
dependent flow and heat transferover stretching sheet. More recently some more investigations
[18-22].

The above studiess pertaining to nanofluid flows in medicine have generally neglected
magnetohydrodynamic¢MHD), namely the interaction of nanofluids with electrical and
magnetic/fieldsHowever the functionality and adapilélp of magnetic nandtiids [23, 24] has
been_established for over a decade. These particles are designed to interact intelligeritey with t
bio-electremagnetic fields in the human body or to externally applied magnetic fields. The
magnetic nangarticles in streanreact to a magnetic forcevhich may be exploited in
pharmacologicatargeting, cell sortingand magnetitenanoparticles embedd with antibodies

for tumorspecific MRItreatnents and so onStrong magnetic flux density attracts magnetized

nanaparticles. The irsitu monitoring of their performance can be achieved nowseglacted



area electron diffraction (SAED) and supercondwgtiquantum interference measurement
devices (SQUIDs). Different organs of the human body can be more receptive to different types
of magnetic nangarticles e.grod-like geometries of magnetite naparticles as opposed to
sphericaltype nanoparticlehawe been found to be taken up Kupffer cellsdays aftervein
infusion [24]. The clinical confirmation of magnetic naparticle performance is a very strong
motivation to engineers and scientists for examining theoretically the dynamics-of the interaction
of these particles with electricalonducting biological fluid media e.g. bloody plasma etc.
Magnetabio-nancfluid dynamicsis therefore emerging as a very rich and rewarding arena for
investigation. Sheikholeslami[25] used a LatticBoltzmann numeridacode to investigate
magnetic nanofluid convection in annular gaps under buoyancy effuskholeslami and

Ellahi [26] further studied the three dimensional natural convection of nanofluids under the
effects of magnetic fieldSome more recent work27-29] on. MHD:flow of nanofluids have also

been reportedFerdowset al [30] employeda finite difference~algorithm to compute thermal
radiative flux, wall mass flux and transverse magnetie field effaecteydromagnetinanofiuid
transport in stretchingheet flows.Although thesesstudieshave confirmed the significant
influence of external magnetic (static) fields ‘on, magnetic spartcle transport in different
configurations, they have consistently negleotdéectromagnetic induction phenomersnce
generally a very small magnetic Reynolds number has been asslimednvokes magnetic
induction phenomenaRoberts [3] experimentally confirmed the importance of incorporating
electromagnetic induction .in realistic hemodynamic simulations, presentingfotiee first
investigations of blood.magnetohydrodynamics over four decades ago, based on work at the
LQJYV &ROOHJH +RVSLWDO /RQGRQ OXFK ODWHU PDJQHWLF
bio-metallic polymer/flows byBég et al. [32] who described in@ne detail the influence of
magnetic Prandtl number and also the magnetic flux distribution associated with magnetic
Reynolds'number. Further investigations of combined heat transfer and magnetohydrodynamic
flow with“induction effects were communicated ®hoshet al [33] with buoyancy present,
Ghoshet al [34] for oblique magnetic field and Maxwell displacement current effects and by
Zueco andBég [35] for magnetic induction squeeze film swirl hydrodynamics with Batchelor
number effects. The studig32-35] however did not specifically addrels®logical applications

rather they considered respectively electromagnetic propulsion systems (rgametgnamic

accelerators) and landing gear systems for astrom&ugbicles. HoweveBhargavaet al. [36]



did implement the formulations if82-35] to consider electromagnetic induction phenomena in
biomagneticmicro-rheologicalblood flows in tissue using the Rosensweig ferrohydrodynamic
theory and a variational finite element code. They showed that magmetizsifiects in
rheological blood flow can only be properly identified vide inclusion of extra magnetic
induction equations. More recentBég et al [37] have considered surface tensidniven
magnetenanofluid dynamics in stretching sheet biopolymersoiporating the fullymagnetic
induction formulation and deriving extensive numerical solutions with MAPLE and finite
element methodBéget al. [38] have also addressed magnetic induction phenomena in biological
squeezing hydrodynamics of viscous condugfinids using Adomian.decomposition methods.
Some other analyses of biophysical magnetic induction flostaide ‘the work oMekheimer

[39, 40] and the articles of Hayatt al [41, 42] which all focus on"noiNewtonian peristaltic

propulsion.

Motivatedby novel developments in electromagnetic ciliatedosaale biological devicgsvith
DSSOLFDWLRQV LQ ERER@WRHRWIOHGYXIUBRBKOVLRQ PHFKDQLVP
biochemical engineering and b&stronautics)in'the present work we address #ygplication

and function of cilia with magnetic induction, effects in MHD propulsion of #aadluids in

ciliated vessels The governing equations for twddmensional incompressiblenagnetized
Newtonian nanofluidsare transformed wviathe assumptions ofohg wave number and low
Reynold number i.e. viscow®ominated propulsionThe resulting boundary value problem is
solved analytically and~closddrm expressions derived for the hydrodynamic and magnetic
variables Extensive eolour visualization of flow xables is presented ancparametric study of

the influence of ‘the” key hydrodynamic, magnetic, nanoscale and biological parameters on
velocity, pressure gradient, pressure,rigeeamlinednd induced magnetic fieldistributions is

conducted.

2. CILIARY | NDUCED TRANSPORT MODEL
In this study, we adopt the wédhown envelope approacethere the ciliary tips are assumed to
move inelliptical paths,illustrated inFig. 1 and defined mathematically as follows:

Y T2zt a artos2°7 o, (1)
o ©






whereW andU be the axial anche radial velocities of the cilia respectively.

3. GOVERNING EQUATIONS

We considethe magnetohydrodynamitddD) flow of incompressible Newtonian €d,0
nanofluid through a parallel plate channak shown inFig.1l. The inner surface‘ef the
channel is flgible and ciliated withmetachronal waves and the flow occurs due to collective

beating of cilia. An external transverse uniform constant magnetic t&)ds applied. This

generates amnduced magnetic fieldH h, X,¥,t,H, K X, t,0 sand the total

magnetic fieldH h, X,¥,t,H H K XY, t,0 is thereforetaken into account.

The channel walls are considered todbectrically nonconductiveand Hall and Maxwell
displacement currents are neglected. Tépgaions governing theonservation ofmagnetic
field, flow and temperaturgin the presence of heat'source or heat)sare given in
vectorial form by:

Maxwell § electromagnetic fieléquations

- o, "= o, o

"SH J,J UE P,V #H)} (8)

s p, M. ©)
W

'"f$SOHPEHUW P DV \CoRtR@Yétjub¥dda W L R Q

'~V 0. (10)

Momentum conservatiofeations:

W : :
qz—w V Vv p pAdivv %nPH . R (11)

>4

Energy(heat) Conservatiorquation
W ~ § ’
ldf—wV Té ke T ) (12)
Combhining Eqgs(2) to (4) we obain themagnetidnduction equatioms follows

M5 vsH fl.a, (13)
w P

where / V%? is the magnetic diffusity of the nanofluid ¢/ is the effective density of



the incompressibl@andluid, & _ is the heat capacity of theandluid, @ . is

effective heat capacity of the nano particle materidt,, defines effective thermal

conductivity, Vis electrical conductivity of magnetic nanofluig, denotes gravitational

acceleration £ is the effective viscosity of theandluid, d/dt gives the material'time

derivative, P is the pressurand ) is viscous dissipation Theframe of reference,may-be
transformed from a wave to a static one via sidsequent associatiofiendering the
moving boundary value prédim into a static boundary value problem):

Xx X c¢ct,y Y,u U ¢Vv V. (14)

To further facilitate the analysis, it is judicious to introduce a seriediroénsionless

parameterswhicharedefined as follow: \
_ X _ Yy _ u _ Y, a b
X — =,0 —, v —, —.G —,

o’ a c c & O a

2 - — =
b a p 3 f Et! h —hyRe ial < —< ) T _ 0 )

Rc O O a Q@ ca b >

, < T—, WP, ac, -0 |- (15)
) H,a cal ! S oo
M —‘/H081
7 J

whereRy, is themagnetic Reynolds numbeReis the ordinary Reynolds number$; is the
Starmemumber(a dimensionless group introduced originallymagnetospheric physic4§
and of paticular relevance in magr@tydrodynamicwave flows), Q is flow rate 7is

dimensionless temperaturépis stream functionBr is Brinkman (viscous dissipation)

number, E is” electric field strength parameter( i) and M is the Hartmann
cH, R

(magnetic bady forcenumber Note M *=ReS°R, and M? does not arise explicitly
subsequentlyAll other parameters are normalized versions of the original paramdter.
using the above nedimensional parameters and transfoiore in Egs. (6) to (8
employing the assumptions of long wavelengthGo 0, the emergingdimensionless
governing equations withoutusingbars for magnetohydrodynamioanofluid flow in the

wave frame take the finalhd muchksimplified form:
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U WV (16)
X Wy
WY 5 17)
w
w S
) E WS (18)
s D Wo
2
ke 7T B ‘5 w& (19)
ke ¥ 1 M° wye
V) 1 W < » W < 20
= = = "Re E —, (20)
w1 MW SR Y&
Differentiating Eq.(20Wwith respect toy ,we get
1 w < w &
L W< ey 5 o, (21)
1 /Vf's y4 S Rn Wy2©
The following nonrdimensional boundary conditions-are imposed:
< 0, %NZ <O, aty O (22)
W
< F, w= 1 25 HMDds 2 X ‘S:aty h 1 cos/Ax (23)
\Y, W2SHRE 2 X S
MW o aty 0, 7 O a (24)
W
ﬂW)Oatyo,)anh (25)

Thethermophysical propgiesfor copperwaternanofluidsare listed inTable-1.

Table.1. Thermal/properties of base fluid (water) ammghpemanoparticles.

Physical Propertie§ Fluid Phase (Water Cu

Co(J7kgK) 4179 385
L (kg/n?) 997.1 8933

k(W/mkK) 0.613 400

The effective density &), effective viscosity|{n), specific heat of nanofluidd,)n), thermal
diffusivity of nanofluid (£) and effective thermal conductivity of nanofluid are defined

respectively as:
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R 2
4 1 M. U M{/ W
Kot 26
@ 1 Mcy ", U QK> (26)
k., 2k, 2Mk §
knf kf S f f K
k. 2k, 2Mk, k ¢ )

4. ANALYTICAL SOLUTIONS
SolvingEQq(21) with boundary conditions (22 & 23), the stream function is obtained as:

A cosh 7‘/?“{?3” sinhi*/?djlﬁSiy D sinh—a/?l\/‘/ﬁﬁgy D coshiﬁﬁ@y D

X’ y< l?ll:amsl2
D, D.,y.
(27)

UsingEQq(27) inEq.(20), yieldsthe pressure gradieas:

o VRWRLS(F hL B sinh 2WEdEeS,  gogh2WFdfas g (28)
— L 1.

W D,
Thedimensionless pressure ris@, is defined,as:

1
P 3ﬂ--§ dx-: (29)

o WO
Using Eq(27) in Eq(18) with theboundary conditins (25),theinducedmagnetic field
takes the form

W E&R{JR,.SY - $RJR.SY 1 1
) %y DysnieZoe=d | pooshEn e SRy 0 By 5 ERY

(30)
Using EQ.(27) in Eq.(19)ith boundary conditions (24)hetemperature fields found to be:

2. /R JR : &R/ '
TXy % Dlecosh;@\/_lesly . Q7S|nh:leTR“§y . 1124 Ds)

(31)

wherethe following definitions apply:



R,R,S(F hL h sinh MWRfFad  cogh VRuFns

JAD,

R,R,SZ(F hL h sinh WRfFas  cogh VRu/Fns

JAD,

01

JRJR,S.(F hL b sinh 2¥B{RS  cogh 2WFFas

Ds

h\/R_m/RmSlsinh:%‘ﬂ]\/ﬁl— VRS ; ﬁsinh;;ﬁ— VRR. S
© «/K a1 © ﬁ

R JRoS coshZWRVRLS -~ (o n BVRVRS A i RIR S
v o VA & oA WA W

2A3/2D11 hlthi/ZRfézsl(Q E)(h, h)
2R*{R,S}(h, h,) ’

2A*2D, R¥?R¥?s3*(D, E,)(h, h)h" h)

2R*( RS’ (h, )

A3/ 2 D ) A3/ 2D )
R¥?[R,S’ R¥[R;S¥
A3/ 2 Dl A3/ 2D )
R (RS REVR.S
D12 D 13

> 1

(D2h, Dlhz)cos;h::g’]“/ﬁlT VRW S, . @h Dzn)cosh:fsé‘/?m— \ARmsl
) °

©

JA

( Dih, Dzhz)sinh?‘l\/ﬁl— VRwS '(Dlhl Dzhl)sinh::ﬁz*/?m— v RaS
© YA ¢ JA

£l ©

ABl 2’\/2\' I\l Rl \] Rm S I:)22 Di 4D1D2 ﬁRlRms D20

4K, R R, S?

(32)
(33a, b)
L 1 (34)
.o (9

(36)
37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

12
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b. A'B(D, D)®D, D) (45)
® 2K, JRR.S,
b A?B,D? A’B D2 (46)
¥ 4KRR,S 4AKRR,§’
b A?B,D2 A’B D2 47
Y 4Kf R:LRmS‘L2 4Kf Rlng ’
/ . h/R./ 8
D, A cosh:?hl\l?1 RS, s sinh:f“;‘l-—\,l—R”‘S -, (48)
© \/K 51 © ‘\/z S
D,, DZsinh gh\/ﬁjﬁ RnS . D% cosh ::§h\/§%’ Rn 3 . B (49)
© >1 © > 1
Dy, DiDis (50)

5. RESULTS AND DISCUSSION

Extensive computations have been conducted .to ‘determine the influence of magnetic
Reynolds numberR;), Reynolds numberRe, Stgrmermagnetic induction numbefS(),
hydrodynamic flow rate@), Brinkman numberBr), wave amplitude {) and electric current

parameterk) on the various flow variables. These are depicted in Fifs. 2




(d)
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Fig. 2. Velocity profiles for different values of (aylagnetic'Reynolds numbéR,), (b)

Reynolds numbe(Ré), (c) Starmemumber(S;), (d) Flow-rate(Q).
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[ Re=S,=1,Q=3, D=04, E=0.1, H:0.5,R, =3 14 F Re=Br=R,_ =1, D=04, E=0.1, H05,S,=1
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N\ 10}

=1,y)
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Tx=1yy)

Fig. 3. Temperaturerofiles for different values of (aptarmernumber §), (b) Magnetic
Reynolds numbefRy), (c) Brinkman numbe(Br),(d) Flow rate(Q).

Qiof

©
Figi4«Pressure rise for different values (@) Starmernumber &), (b) Magnetic Reynolds
number Ry), (¢) Reynotds numbe(Re).
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dp/dx
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10

dp/dx

o N B~ OO ©
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Fig. 5. Pressure gradierfor different values of (a) Magnetic Reynolds numbeR), (b)
Reynolds'numbetR@, (c) Starmemumber §,), (d) Flow rate Q).
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Fig.6. Variation ofinduced magnetic fieldor different\values of (aMagretic Reynolds
number(Ry), (b) Starmemumber §), (c) Electric curren{E)".
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Fig.7. Variation ofcurrent densityor different values ofa) Magnetic Reynolds numbeRy),
(b) Starmemumber §), (c) Flow rate(Q).



ACCEPTED MANUSCRIPT

18

Fig.8. Streamlines for differentalues of magnetic umigBr,) with S, = 0.4,Re

N

Fig.g.Elsotherms for different values of Brinkman num(fr) other parameters a& = 0.4,
5H . 4 m=2 5
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Figs2ad depict the evolution of axial velocity, with respectiely, (a) magnetic Reynolds

number Ry), (b) Reynolds numbelRg, (c) Starmemumber §), (d) flow rate Q). In these

figures the other parameters are fixed, namémnd (parameters which rekatto the

geometric wave definitions iBg.(23) wherein ODquantifieseccentricity of the cilia elliptical

motion) and Hcilia length parameter). However two cases dfnancpatrticle solid volume

fraction) variation are incorporated (red solid line for O i.e. pure fluid without nano

particlesand green dashed line far=0.2 which corresponds to the copper nanofluid ¢ase

The variation in cilia length in particular is not studied as this has been.examined in quite

some detail in earlier studies e.gkbaret al [15, 1. It is however worthy.of elaborating

again thatcilia spacing and length influences the viscous resistance-per cilium and thereby

the axial flow. The latter is assisted with greater cilia length“and this will assist in pressure

rise inthe lower channel half space. The introduction of.extra energy to the flow at the lower

wall however must be compensated for by an extraction, at the upper wall, and these features

are also related to synchronicity of beating cilia=.The\special cag&®implies vanishing

cilia and absence of a metchronal wawethis scenario the flow is a purely peristaltic

mechanism due to flexibility of the walls. ©nly fot#0 is the cilia effect invoked and this

indeed is the case considered throughout the prasahgsis (0.5 in al Figs2-9). Fig2a

reveals that with increasing magnetic' Reynolds number, there is a depletion in velocity
magnitudes across the channel’'width.yAt -1.5 (lower channel plate) and againyat 0.5

(upper channel plate) velocity viahes in consistency with the no slip conditions imposed.

The strongly parabalic wvelocity distributions in the core region of the flow which are

observed at loweR, values are flattened significantly with increasiRgvalues. Magnetic

Reynolds number isKH UDWLR RI WKH AXL Gushi¥/[ ltwharadtetitesRi@ JQHW LF
diiXVLRQ Rl PDIJQHWLF ¢HOG DORQJ VWUHDPOLQHY DQG LV
number in viscous hydrodynamics, the latter controlling the vorticitpsion along the
streaPOLQHV $V VXFK WKH LQAXHQFH RI WKH AXLG ARZ RQ W
magnetic Reynolds number. Lok, YDO XHV WKH PDIJQHWLF (¢HOG ZLOO
GLVWRUWHG E\ WKH ARZ +RZHYHU RpWalue® ¢WK ke SUHVHQW
hydrodynaP LFV LQIOXHQFHV FRQVLGHUDEO\ WKH LQGXFHG PDJQ

tangibly distorted. However there is also a reciprocating influence on the flow field. Greater
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Ry values lead to a flow deceleration i.e. momentum diffusion is inhibited. Howieiger
effect is restricted only to the core (plug) flow region and does not apply near the vicinity of
the channel walls. At the latter the destruction in momentum in the core flow is compensated
for with a boost in momentum at the external periphery effliow field (near both channel
plates) resulting in a flow acceleration here with higher magnetic Reynolds numbers. With
presence of copper naiparticles (i.e. for/= 0.2) the velocities are generally significantly
greater in the core region comparedhwpure fluid (i.e. for /= 0). This would imply that

flow acceleration is achieved with naparticle presence. However in the netate zones,

the opposite effect is observed with flow deceleratiatuged with nangarticles. Figzb

shows that increasg ordinary Reynolds numbeR§ there is in.fact a deceleration in the
coreflow (a strong plateau effect is induced in velocity profiles). However at thewsdhar
zones, the greater inertial forces corresponding to higher ‘Reynolds number (and reduced
viscous forces) manifest in a noticeable acceleration,in“the axial flow. As noted earlier,
greater velocities are achieved with ngrasticle presence in the core flow whereas lower
velocities are computed in the zones near the plates. An incre8sermemumber §), as
illustrated in Fig.2c, generally depresses core region velocity magnitudes. Whereas the
Hartmann numberM) is conventionally employed for static magnetic field phenomena to
simulate Lorentzian magnetic drag effects, #tgrmemumber §), is more appropriate for

flow regimes with moving boundaries‘and wave effects. The definiti@ainemumber i.e.

scales as_thewerse ofwave speed of the metachronal wdgee Hartmann

number is however defined as and therefore while it scales with nanofluid

electrical conductivity, applied magnetic field, base fluid viscosity and channeliutlf, it
does not scalevith metachronal wave speed).( Therefore via the definition given earlier,
viz).M+?= ReS’R,, here we opt to examine the individual effects of the component
dimensionless numberReS$°R, rather than the global effect via the Hartmann numiver.
further note that axial induced magnetic field compongnt&and current density component,
J;, studied in later graphs, can also be explicitly defined thighrelations given in dg(15).
Effectively a flow deceleration corresponds to gre&@rmemumber (9) in the core zone

(bulk flow) of the channel, whereas the converse effect is gederstar the plates. The
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greater applied magnetic field corresponding to laggrmernumber contributes to the
impedance effect in the core flow (retardation). Aligribution of momentum in the regime
occurs. Momentum lost in the core region must bmmensated elsewhere in accordance
with momentum conservation, and this leads to the acceleration of the axial flow near the
plates at higheStgrmernumbers. In the core zone naparticle presence results inigreater
velocities with the contrary appareagain near the plas. With increasing flow rateii@:4d)

there is a significant boost in the axial velocity across the entire channel. The profiles are
always parabolic, uie the other distributions inigs.2ac (which are platealike in the

core flowzone). There is a slight acceleration in the flow for the manofluid case, compared
with the pure fluid case.

Figs3ad illustrate the temperature distributiofwith variationtin(a) Stermemumber §,),

(b) magnetic Reynolds numbdR,), (c) Brinkman nmber,8r) and finally (d) flow rate Q).

Again we consider both nanofluid and pure fluid caseswia'the variation irpaatice solid
fraction (/). An increase inStgrmernumber §) as seen in if. 3a, generates a strong
decrease in temperature i.e.otothe channel nanofluid flow regime in the core zone.
However a slight increase is observed near hoth pMtits.magnetic induction present and

with larger magnetic Reynolds numbers, the effect of heating with greater magnetic field
(traditionally assoiated with the“dissipation in supplementary work done to drag fluid
against the action of magnetic field, as thermal energy i.e. heat), is reversed, and a cooling
effect observed. Nanofluid,(coppemater) however attains significantly greater temperatures
than the pure fluid (zeroisolid*volume fractiofhe depressive nature of magnetic field, in

the presence of magnetic indioct, is further confirmed with Figb, where we find that
greater magneticyReynolds number markedly lowers the temperature Heroskannel.
Again nanofluidssupersedepure fluids in achieving substantially greater temperatures,
despite’the presence ofagnetic induction effects. FRRr shows that an elevation in the
viscous heating parameter i.e. Brinkman numBeyJ, (significantly raises temperature in the
regime, and again greater temperatures correspond to the -eogtpernanofluid case

( £0.2) compared with the pure fluid cas&Q). Brinkman number is a quantification of the
relative influence of viscous dissipation to thendoctive heat transfer in thermofluid
mechanicsFor Br =1 both mechanisms contribute equally. Wi 1, viscous dissipation

dominates thermal conduction, as elaboratd8ejan @3]. An increase in Brinkman number
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effectively energizes the fluid and d&is thermal energy magnitudes associated with the
dissipation of kinetic energy in the nanofluid, and this results in a clear enhancement in
temperatures. These results agree with many other studies on dissipative fldria.gt

al. [44]. With increaing flow rate,Q, however temperatures are strongly reduced. The
greater momentum flux associated with higher flow rates implies that momentum diffusion
greatly exceeds thermal diffusion in the channel flow. This serves to accelerate theflow but
to simutaneously cool it and thereby decrease temperatures. We further notethat despite the
negative influence of flow rate on temperatures, the presence cpaatides is consistently

to elevate temperatures relative to pure fluids. The combined effectonig heatingBr =

3) and deployment of coppevater nanofluidg ~0.2)is overall found,to achieve the highest
thermal performance in the flow regime studied.

Figs. 4ac present the profiles for pressure (S®) with variationiin a)Starmemumber §,),

b) magnetic Reynolds numbeR,) and (c) Reynolds numbeRé§. IncreasingStarmer
number §) as plotted in Figia, generates a strong‘elevation in pressure rise for negative
flow rates (flow in the reverse axial direction) whereas it results in a isigmifreduction in
pressure rise generally for positive flowsrates. The former whHBre0 corresponds to the
so-called pumping region, and the latter wherefr < 0 is associated with the @umping

region. In the former region, nanefluids are found tbagcte pressure rise whereas in the
latter region they are found t@ depress pressure rise. There is therefore an intricate interaction
between the nature of pumping’in the regime and the influence ofpaaticies in the
conducting nanofluidin all casesthe ‘P profiles are observed to follow a linear with flow

rate Q). Fig4b shows that increasing magnetic Reynolds number is obsesia@thrly to
Stormer number, to enhance pressure rise for negative flow rates and to depress them with
positive flow raes. The inverse relationship ofP with Q is again observed. F#r
demonstrates that with increasing Reynolds number, as with magnetic Reynolds number, the
pressure rise is accentuated for negative flow rate and reduced for positive flow rate. Again
thereis a linear decay in pressure rise with flow rate. In all three plots, the highest pressure
rise computed corresponds to the copper nanofluid case at the maximum negative flow rate.
Nanoparticles are observed to enhance pressure rise only for negatwerdtes; the

converse is the case for positive flow rates.
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Figsba-c depict the axial pressure gradient (dP/dx) profiles with axial coordinate for a)
magnetic Reynolds numbeRy), (b) Reynolds numbeR@, c) Starmernumber &) and

flow rate QQ), againfor both copper nanofluid and pure fluid cases. The periodic nature of the
flow due to metchronal wave propagation is evident from the oscillatory distributions. There

is a consistent elevation in peak magnitudes of pressure gradient with greater magnetic
Reynolds numberR), as shown in ig.5a. Similarly increasing Reynolds numbRe also
elevates the pressure gradient magnitudes. However the magnitudes are. significantly greater
(an order of magnitle larger) in Fig.5a as compared witlg.bb. With"gre&er.Stormer
number,S;, a large enhancement in pressure gradient values is also witnessed and these are
of a similar magnitude to those computed with variatiormagnetic Reynolds number in
Fig.5a. Considerable elevation in pressure gradient also acc@apamse in flow rate, as

seen in Figghb, although the magnitudes are somewhatelothan those corresponding to
Figs5a and c, butmarkedly greater than those in fEilg.«Effectively greater pressure
gradients are generated in the flow with increaséh@ magnetohydrodynamic parameters

(Rm, S) compared with the hydrodynamic paramet&s,(Q. This implies that in practical
nancbiomedical devices, a stronger effect canibe achieved via magnetic field manipulation
compared with inertial effects assocthigith the pumping flow itselfThe presence of nano
particles is found to have a consistently assistive effect on pressure gradient with variation in
magnetic Reynolds, Stormersand flow rate nural{@gs.5ac); however in Figb, where
Reynolds number isarieds the copper nanofluid generally only boosts pressure gradient in
the vicinity of the peaks of the periodic profiles whereas it is found to @eptessure
gradient in the troughzones.

Figs6ac illustrate the response in axial induced magnegid ffh,) with spanwise channel
coordinate (y), forgvariation in respectively, (a) magnetic Reynolds nurRhgr(b) Stermer
number'§,) and*finally (c) electric current (field strength) parameEr [n all three graphs,

in anehalf region, the induced M JQHWLF ¢HOG LV LQ RQH GLUHFWLRQ ZKH
is found to be in the opposite directidrhis trend is known to be characteristic of magnetic
induction field, as discussed Ghoshal. [33]. Indeed it has earlier also been reported by
Mekheimer [38] and Hayagt al [41] although these later studies do not physically interpret

the results.Positive magnitudes of induced magnetic field are computed with negative

values (lower channel half space) and negative values of induced magnetratfigbositive
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y values (upper channel half space). In accordance withcoonducting plate boundaries,
magnetic induction is found to vanishyat r 1. As magngc Reynolds number increases
(Fig.6a), there is a distinct enhancement in positive magiadiection ) in the lower
channel half space, whereas a strong depression is generated for the upper channel half space.
The increase iRy, implies, with fixed fluid viscosity, channel haNidth and metachronal
wave velocity (i.eyy, a, 9, that electical conductivity of the nanofluid is elevated. This
boosts the magnetic induction effect and results in gréataagnitudes, whetherpositive or
negative.Although Figbb demonstrate a similar pattern to that in F&g, the effect of
increasing Stormenumber is found to be the opposite to that“of increasing magnetic
Reynolds number. Larger values of Stormer number significantly depresgi#henduced
magnetic field componernity, in the lower channel half space, whereas they eldvatalues

in theupper channel half spade. both Figsta, b, the presence,of naparticles(i.e. copper
nanofluid case with/= 0.2)is found to decrease induced magnetic fiéld,in the lower
channel hakspace, but to enhanég values in the upper channel hafiace. An increase in
electrical field strength parametdt, in Fig6e evidently depressed significantly the axial
induced magnetic field componeiht, in the lower channel hapace whereas it enhances
magnitudes in the upper channel kgttice.The profies also deviate substaily from
Figs.6a,b, in that théy values are equal and opposite at the two channel plateg=+&.at y

= -1 wheready = +1 at y =+1{ Although the opposite trends ligiare computed in the two
channel hakspaceshy magnitudes/do not vanish at the plates with variation in electrical
field strength. Evidently therefore the electrical field present, which is at right angles to the
applied magnetic field:(mutually orthogonal), generates a different respotiseinduced

magneic field distributionscompared with parameters associated with the applied magnetic

field, E , and scales inversely with applied magnetic field and is directly

proportional” to electrical fieldEg. Conversely the magnetic and Stormmumbers by
definition in Eq.(15) are directly proportional to applied magnetic fiefd, The main effect

of increasing electrical field parameter will be to boost the current dedisiayn observatian

Once again the axial induced magnetic field mtaglas are greater for the copper nanofluid
compared with pure fluid in the lower channel half space with the reverse trend observed in

the upper channel hadipace.
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Figs. 7ac present the current density distributiodg (vith (2) magnetic Reynolds number
(Ry), (b) Starmernumber &) and (c) flow rate Q). The profiles are notably distinct in
appearance from the axial irtkd magnetic field profiles of Figgc. The current density
profiles are all parabolic across the entire channel space, with pess alsing only at the
channel centre, the maximum simultaneous distance from either flate.increasing
magnetic Reynolds numbel; values are weakly increased (Fig), wherea with greater
Stormer number (Figb) magnitudes i@ more strongly deprsed. In Fig/c with increasing

flow rate, a very strong reduction is computectimrent density magnitudes. In Figis, ¢

both positive and negative values of current density are observed whereas generally only
positive valuesare computed inif.7a. In d cases the copper nanofluid € 0.2) achieves
greater magnitudes of current density than the pure fldr Q),»demonstrating that nano
particles enhance current density, albeit relatively weakly.

Figs8ac depict the hydrodynamic streamlines withfeliént*magnetic Reynolds numbers
(Rm). These graphs are included to illustrate the trappirenomenon in which an internally
circulating bolus of the fluid is formed by clesed streamlines. The trapped bolus is displaced
and pushed ahead along the chammeheraxial direction with the speed of the metchronal
wave. Bolus magnitude is found to be slightly enhanced with greater magnetic Reynolds
number, with all other parameters.invaridPtogressively greater distortion of streamlines is
generated in theentral zones of the plots with higher values of electrical conductivity, to
which magneic Reynolds/number’is directly proportional. Tleacourage bolus growth

rather tharmitigatingit<This trend is found to be in agreement with for example Hetyak

[41] who also copsidered magnetic induction effeatisere electromagnetiénduction and
electrical currentydensitgffects are neglectedlhe inclusion of such effects therefore
significantly modifies the streamline distributions.

Fig. 9 presentsothem plots across the channel with variation in the dissipation parameter,
Brinkmanmnumber(Br). As Br is increased a central zone of thermal bolus emerges. The
isotherms become less constricted above and below this thermal bolus and this results from
the ircreasingy more intenseonversion of kinetic energy in the flow to thermal energy via
viscous heatingThis will also have an impact on streamline distribution and inevitably there
will be an interaction with magnetic induction and electrical currentigefislds both for

copper water nanofluids and pure fluids.
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Table 2: Comparison of present results with existing Ii@ 5H
4 [m=2.5
6. CONCLUSIONS
In the present study, we have investigate y-inducedmagnetohydrodynamicopper

water nanofluid dissipative flow @ transfem a twodimensional channel with
magnetic induction and electrical field effectBhe nonlinear equations ayerning the
conservation of mass, n& magnetic field and electrical field haveduemed to a
system of coupled linearized partial differential equations via suitable coordinate and
variable transfor Qnder the classical low Reynolds number (visedmminated)
approximation. %‘opriate elliptical path geometric model has ingglemented for the

cilia behavior. Magnetic Reynolds number has also been taken to be sufficiently high to

¢ induction effects. Numerical evaluation of the elosadsolutions for

n, pressure rise, induced magnetic fighdtion and temperature, has been

con carefully via Mathematica symbolic software. The present study has shown that:

X Increasing Brinkman number (viscous dissipation parameter) elevates temperature in the
regime, and also assists in the generatiortlo$ed loops i.e. thermal boluses in the

isotherm distributions.
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X The presence of narmarticles i.e. implementation of coppsater nanofluidalways
achieves higher temperatures than with the pure fluid.

X Increasing magnetic Reynolds numlesicourages thgrowth of bolus in the streamline
distributions and furthermore weakly reduces current density magnitudeseas it
increases axial pressure gradient magnitudes. Furthermore greater m&myeintds
number elevates axial induced magnetic field in tieetochannel half space; whereas it
reduces it in upper channel half space. Additionally greater magneti¢, Reynolds number
increases pressure rise for negative flow rates and reduces it for positive flow rates. Also
temperature is reduced with greater maigneeynolds number arftbw deceleration in
the channel core (plug) flow region caused. However at the ‘channel plates (boundaries)
the flow is weakly accelerated with greater magnetic Reynolds numbers.

X IncreasingStgrmermagnetohydrodynamic number is falito reduce substantially the
channel core region velocity magnitudes and to depress temperature in the core zone,
although there is a weak increase in temperatures near both plates. Larger Stormer
numbers (as with magnetic Reynolds number) tend to elgvassure rise for negative
flow rates and to reduce them with, positive flow rates. Increasing Stormer number
however has the opposite effect to magnetic Reynolds number on the axial induced
magnetic field component, since it suppresses magnitudes iomibe ¢hannel half space,
whereas it enhances values in'the'upper channel half space.

X Increasing electrical field parameter enhances the current density, as does an increase in
magnetic Reynolds number. The copper nanofluid also achieves higher eleaimeat ¢
density values' than the pure fluid. However greater Stormer numbers significantly
suppress the electrical current density.

X Increasing flow rate is found to enhamessure gradierind to depress temperatures.

X Increasing Reynolds number, enhancessgure gradient magnitudes and increases
pressure rise for negative flow rate and reduces it for positive flow rate. The core flow
region is decelerated with increasing Reynolds number whereas near the channel plates, a
strong acceleration is generatedtie axial flow.
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The present computations are applicable to simulations of flow control inrmagoete
biomimetic technologiesThey have however neglected Hall current effects and these will be

addressed in the near future.
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